Above-band-gap optical excitation produces interdependent structural and electronic responses in a multiferroic BiFeO 3 thin film. Time-resolved synchrotron x-ray diffraction shows that photoexcitation can induce a large out-of-plane strain, with magnitudes on the order of half of one percent following pulsedlaser excitation. The strain relaxes with the same nanosecond time dependence as the interband relaxation of excited charge carriers. The magnitude of the strain and its temporal correlation with excited carriers indicate that an electronic mechanism, rather than thermal effects, is responsible for the lattice expansion. The observed strain is consistent with a piezoelectric distortion resulting from partial screening of the depolarization field by charge carriers, an effect linked to the electronic transport of excited carriers. The nonthermal generation of strain via optical pulses promises to extend the manipulation of ferroelectricity in oxide multiferroics to subnanosecond time scales. The coupled degrees of freedom in complex oxides can be readily manipulated by light, providing new avenues for understanding and controlling fundamental physical properties. Within this broad range of materials, complex oxides with a built-in electrical polarization, including ferroelectrics and multiferroics, can respond to optical excitations through the interaction of photoinduced charge carriers with the spontaneous polarization. In BiFeO 3 (BFO), a room temperature magnetoelectric multiferroic [1] [2] [3] , these responses include unidirectional photocurrents within individual polarization domains [4] and open-circuit photovoltages larger than the band gap across ferroelectric domain walls [5, 6] . Charge separation in turn influences degrees of freedom conventionally associated with ferroelectricity: the magnitude of the spontaneous polarization and the electromechanical distortion of the lattice. As a result of these observations, photoinduced structural changes in ferroelectrics [7] and multiferroics [8, 9] have been described as arising from the excitation of charge carriers. However, the time scales and mechanisms of processes that begin with the optical excitation and result in the subsequent structural distortion are largely unknown. Establishing the relationship between the concentration of optically excited charge carriers and the nonequilibrium distortion of the atomic-scale structure is essential for understanding photoinduced phenomena in strongly correlated systems.
The coupled degrees of freedom in complex oxides can be readily manipulated by light, providing new avenues for understanding and controlling fundamental physical properties. Within this broad range of materials, complex oxides with a built-in electrical polarization, including ferroelectrics and multiferroics, can respond to optical excitations through the interaction of photoinduced charge carriers with the spontaneous polarization. In BiFeO 3 (BFO), a room temperature magnetoelectric multiferroic [1] [2] [3] , these responses include unidirectional photocurrents within individual polarization domains [4] and open-circuit photovoltages larger than the band gap across ferroelectric domain walls [5, 6] . Charge separation in turn influences degrees of freedom conventionally associated with ferroelectricity: the magnitude of the spontaneous polarization and the electromechanical distortion of the lattice. As a result of these observations, photoinduced structural changes in ferroelectrics [7] and multiferroics [8, 9] have been described as arising from the excitation of charge carriers. However, the time scales and mechanisms of processes that begin with the optical excitation and result in the subsequent structural distortion are largely unknown. Establishing the relationship between the concentration of optically excited charge carriers and the nonequilibrium distortion of the atomic-scale structure is essential for understanding photoinduced phenomena in strongly correlated systems.
In this Letter, we show that the strain induced by optical excitation of BFO is proportional to the population of optically excited charge carriers. The magnitude of this effect is sufficiently large that pulsed optical excitation can induce transient strain on the order of half of one percent. Time-resolved synchrotron x-ray diffraction measurements show that the strain develops within 100 ps and subsequently relaxes in several ns. The decay of the charge carrier population observed using ultrafast optical absorption spectroscopy occurs on an identical nanosecond time scale. The correlation of the electronic and structural responses upon optical excitation provides insight into the mechanism of photoinduced strain. The distinct nanosecond decay time of the photoinduced strain allows it to be distinguished from the slower relaxation of thermal expansion. The large nonthermal component of the strain is consistent with either piezoelectric distortion due to screening of the depolarization field by photogenerated carriers or a direct modification of the crystal structure through populating the antibonding states of the transition metal.
Time-resolved x-ray diffraction experiments were performed under ambient conditions at beam line 7ID-C of the Advanced Photon Source [10] . BFO films with a thickness of 35 nm were grown by reactive molecular-beam epitaxy on (001) SrTiO 3 (STO) substrates through adsorptioncontrolled codeposition [11] . Optical excitation during the x-ray diffraction studies was provided by 50 fs laser pulses with a central wavelength of 400 nm, derived by frequency doubling the output of a Ti:sapphire laser system and synchronized to the x-ray pulses with an electronically adjustable time delay. Incident x-ray pulses with a photon energy of 10 keVand pulse duration of 100 ps were focused to 50 m full-width half-maximum (FWHM) in diameter, overfilled by a 1 mm FWHM pump laser spot. Separate transient optical absorption measurements were performed at the Center for Nanoscale Materials. Optical absorption in the wavelength range from 400 to 750 nm was probed by a chirped 1 ps white-light pulse with time delays up to 7.2 ns after a 40 fs, 400 nm pump pulse. The magnitude of the laser excitation is reported in terms of the absorbed fluence. The absorption length of 400 nm light in BFO is 32 nm [12] , comparable to the thickness of the film.
A large expansion of the BFO out-of-plane lattice parameter c was observed upon photoexcitation, leading to a shift of the pseudocubic 002 reflection to lower Bragg angle, as shown in Fig. 1(a) . Bragg peaks measured at pump-probe delays before the optical pulse are identical to measurements without laser excitation, indicating that the optically excited BFO lattice returns to its ground state within the interval between successive excitation pulses (0.2 ms). The photoinduced strain (Ác=c) measured 100 ps after the pump pulse reaches 4:1 Â 10 À3 for a laser fluence of 3:2 mJ=cm 2 . In contrast, below-band-gap excitation using 800 nm laser pulses with similar laser fluence yielded no observable lattice change, suggesting an important role of electronic excitation. The 002 reflection is broadened from 0. 22 to 0.25 FWHM at 100 ps after the optical excitation, possibly due to a strain gradient arising from the inhomogeneity of the optical excitation or from localized lattice distortion caused by the trapping of charges or the formation of polarons [13] . The total integrated intensity of the reflection remains constant throughout the relaxation processes.
The change of the Bragg angle of the BFO 002 reflection is shown as a function of pump-probe delay in Fig. 1(b) . The relaxation processes can be empirically fit by a biexponential decay with a fast time constant of 2:1 AE 0:2 ns and a slow time constant of 63 AE 35 ns. The time resolution of the diffraction studies is limited by the 100 ps duration of the x-ray pulses, and thus previously observed sub-ps responses to optical excitation seen in other oxide systems [7, 14, 15] are not resolved in Fig. 1(b) . To characterize the dependence of the structural distortion on the magnitude of the excitation, we measured the shift of the 002 reflection as a function of optical pump fluence at fixed time delays of 100 ps and 15 ns [ Fig. 1(c) ]. The strain at both time delays is proportional to the pump fluence, in agreement with mechanisms in which the strain results from one-photon linear absorption of the aboveband-gap radiation. The in-plane lattice constants measured using the BFO 113 peak are unchanged following optical excitation due to the epitaxial constraint provided by the substrate.
Transient optical absorption measurements were employed to understand the connection between the photoinduced strain and excited carriers by probing the dynamics of the carrier population in the excited states. A broad photoinduced absorption peak centered at 540 nm appears upon laser excitation [ Fig. 2(a) ]. The strong increase in absorption after excitation [ Fig. 2(b) , inset] arises from excited-state absorption of electrons in the conduction band and holes in the valence band [16] . The initial transient signal partially decays within 1 ps due to intraband relaxation. The ps-scale decay is followed by a slower decay of the induced absorption over several ns [ Fig. 2(b) ], as the concentration of charge carriers decreases due to carrier recombination. We have parametrized the carrier dynamics after 100 ps by a biexponential decay. Fits of The transient absorption measurements reveal the time scales associated with energy relaxation for photoexcited carriers in BFO. The initial absorption promotes carriers to excited states at energies far from the band edges. Energy in excess of the electronic band gap is transferred to the lattice through the electron-phonon interaction and increases the lattice temperature within a period of several ps. The remaining photon energy relaxes mainly through radiative carrier recombination on a ns time scale, as evidenced by recent photoluminescence measurements [17] . The Auger process is not the dominant recombination mechanism within the fluence range we studied, as supported by the linear dependence of the induced strain on the absorbed fluence shown in Fig. 1(c) . The initial temperature rise of BFO lattice can be approximated by considering only the thermalization of the absorbed energy in excess of the band gap, which gives rise to the temperature increase of BFO by 64 K following an optical pulse with fluence of 3:47 mJ=cm 2 (see Supplemental Material [18] ).
In order to understand the thermal contribution to the transient lattice expansion, we measured the thermal expansion coefficient using the shifts of the 001 and 002 BFO Bragg reflections in which the temperatures of the substrate and BFO film were changed together between 25 and 155 C. To compare with the present optical-excitation experiment, a modified thermal expansion coefficient for BFO must be defined to correct for the experimental difference that the laser excitation directly heats only the BFO film, but not the substrate. The in-plane stress imparted by the room-temperature STO substrate on the laser-heated BFO film leads to an additional out-of-plane expansion. Using Poisson's ratio of 0.34 for BFO [19] , the effective thermal expansion coefficient for out-of-plane expansion is experimentally determined to be 1:84 Â 10 À5 K À1 . The initial laser-induced temperature rise of 64 K within 100 ps thus leads to a strain of 1:2 Â 10 À3 . The thermal expansion represents only 27% of the 4:4 Â 10 À3 strain induced upon photoexcitation and is insufficient to account for the magnitude of the strain observed at subnanosecond time scales.
To correlate the structural response with the carrier dynamics, we compare the time dependence of the induced optical absorption and the induced strain [ Fig. 3(a) ]. The induced optical absorption relaxes within several nanoseconds while the strain shows a long-lived component persisting beyond 14 ns. The deviation of the strain dynamics from the decay of the induced absorption at later time arises from the slow relaxation of the thermal expansion of the BFO due to thermal transport from the film to the substrate. To better illustrate the correlation between the photoinduced carrier population and strain, the strain can be plotted as a function of the change in optical density due to absorption by excited carriers (ÁOD), as in Fig. 3(b) .
Since ÁOD measures the concentration of optically excited carriers, the linear relation between strain and ÁOD reveals a direct correlation between the measured strain and the photoinduced carrier concentration in BFO. The linear fits [solid lines, Fig. 3(b) ] show a nonzero strain at ÁOD ¼ 0 due to the thermal contribution. The time dependence of the photoinduced strain can be modeled by combining carrier-induced strain and thermal expansion. The normalized strain is given by SðtÞ ¼ ð1 À aÞS c ðtÞ þ aS q ðtÞ. The first term describes the dynamics of the carrier-induced strain shown as the red curve in Fig. 4 , where S c ðtÞ is a biexponential function that is proportional to the measured ÁOD. The second term describes the time-dependent thermal expansion as depicted by the green curve in Fig. 4 , where S q ðtÞ is proportional to the time-dependent temperature profile obtained by numerically solving a one-dimension thermal diffusion equation that describes the thermal transport processes in BFO/STO heterostructures (see Supplemental Material [18] ), similar to the treatment in Ref. [20] . The value of a represents the ratio of the thermally induced strain and the total measured strain at 100 ps, which equals to 0.27 for a pump fluence of 3:47 mJ=cm 2 . By varying only one parameter, the interfacial conductance, the model (blue curve, Fig. 4 ) fits well to the observed strain (triangle, Fig. 4) . Therefore, we conclude that the fast decay of the induced strain within 2 ns is dictated by the carrier dynamics, while the slow decay in tens of ns (measured time constant of 63 AE 35 ns) is governed by the thermal transport between the film and substrate [20, 21] . We note that the thermal fit yields an unusual low interfacial thermal conductance [18] . Other mechanisms may be responsible for slowing the initial thermal contribution including the potential that carrier recombination over a period of ns contributes additional heat to the lattice.
The nonthermal component of the photoinduced strain can be described by a model in which photoinduced carriers are driven to the film surfaces by the depolarization field. This model has been previously proposed to explain the distortion of ferroelectric thin films after 100 ps following laser excitation [7] . In a BFO film, the depolarization field along pseudocubic h001i directions arises to balance the external electric field induced by the out-of-plane component of the ferroelectric polarization (along the pseudocubic h111i direction). The accumulation of charges at the surfaces due to the drift of excited carriers in the depolarization field creates a time-dependent electric field opposing the depolarization field along the out-of-plane direction. This transient electric field in turn drives the c-axis piezoelectric expansion. The electric field induced by photoexcitation is proportional to the surface charge density, and thus proportional to the pump fluence, which could explain the linear response of the strain to the optical fluence shown in Fig. 1(c) . The transient field decreases as a result of the decrease of the surface charge density as a function of time. Thus, the induced strain relaxes with the same time scale as charge carrier recombination, supported by the agreement between the time dependence of the strain and optical absorption.
The optically induced electric field can be estimated using the piezoelectric relationship between strain and electric fields. With a low-field piezoelectric coefficient d 33 of 50 pm=V for BFO [22] , the peak electric field is 880 kV=cm for a strain of 4:4 Â 10 À3 , which requires a surface charge concentration of 4 C=cm 2 . This is only 0.4% of the surface charge density that would arise if each optical photon absorbed in BFO excited one electron-hole pair that subsequently migrated to the film surface. We suspect, therefore, that a significant number of charge carriers may be trapped locally by defects, domain walls [23] , or as a result of Debye screening due to possible high charge concentration in BFO, rather than migrating to the surfaces of the BFO layer.
A quantitative analysis of the dynamics of the screening of the depolarization field is complicated because the diffusion length and mobility of excited electrons in BFO are currently unknown. In addition, domains in which the ferroelectric polarization points along four pseudocubic h111i directions coexist in the sample [24] , making the electrostatic environment difficult to model. In the case in which the diffusion length and mobility of excited electrons in BFO are insufficient to provide the required screening, a mechanism of directly modifying the crystal structure by photoexcitation would be particularly important. Similar to the V-V bond dilation upon optical excitation in VO 2 [25] , the direct modification of crystal structure in BFO by exciting antibonding electronic states of the transition metal could be an additional cause of photoinduced expansion of the BFO lattice as a result of the increase of bond distances. In addition to providing fundamental insight into photoinduced structural dynamics, the demonstration of ultrafast optical manipulation of the piezoelectric strain has important implications. Because the initial thermal contribution to the photoinduced strain arises only from intraband relaxation of the excited carriers, the initial pulse of heat transferred to the lattice can be reduced to a negligible level by tuning the excitation photon energy closer to the band edge. More generally, large optically induced strain opens a new route for ultrafast strain engineering of multifunctional complex oxides. An induced transient strain on the order of half a percent, when combined with epitaxial strain engineering, can drive a system across structural or magnetic phase boundaries, allowing an ultrafast strain to tune the functional properties of complex oxides. In addition, the large transient electric field can be used to apply an electric field across a BFO thin film without electrodes, opening new opportunities for elucidating the magnetoelectric coupling in multiferroics and for manipulation of magnetism for spintronic applications [26, 27] .
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